The general objective of the program has been the development of materials suitable for use as thermoelectric elements at high temperatures (_> 1000°C). It was recognized in advance that the development of a truly high Z material for operation in this temperature range was a formidable task but it was felt that the advantages to be gained by operation in a temperature range capable of good Carnot efficiency and compatible with practical heat sources justified the effort. The development of the boron graphite-graphite thermocouple by the National Carbon Company Research Laboratory had indicated at least one approach to the problem in improved graphite based materials but several other ideas were to be considered. These included studies of other refractory compounds, specifically the rare earth nitrides since there were good theoretical reasons for believing that these almost unexplored compounds should be semiconductors;
fused salt systems involving a solution of alkali metals in molten alkali halides, and a survey of other intermetallic or inorganic compounds to correlate the desired thermal and electronic properties and thus open out novel systems. In addition, smaller tasks were set up in theoretical studies on thermoelectricity and on the measurement of thermal conductivities at temperatures in excess of 1000°C.
The contract has also specified the construction of two small (0. 1 watt) thermoelectric generators characteristic of the best materials produced on the contract work.
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9. 02 Project Survey
The work on this contract has made substantial progress toward the specified objectives and although the primary goal has not been achieved, there have been several outstanding results. These may be indicated briefly here and will be discussed in more detail later. A method for the measurement of thermal conductivities of electrically conducting materials at temperatures in excess of 1000°C with a high (ca. ±3 per cent) accuracy has been devised and placed in routine operation. While not a general method this particular method is appropriate for materials of interest in this application. The spatial boron concentration gradient in boron doped graphite to achieve maximum p-type thermoelectric output has been established. The production of an n-type silicon carbide-graphite composite as a complement to the p-rtype boronated graphite has been studied in detail with good results although the optimum may not yet have been reached. The theoretical studies have produced a detailed picture of the effect of doping on the electronic properties of graphite. The work on fused salt systems, although plagued by experimental difficulties, has apparently established the potential importance of this approach to thermoelectric conversion. The •work on the rare earth nitrides has succeeded in devising a new method for the preparation of these compounds in a good state of purity. Electrical studies on the material so produced has shown that several of the compounds are indeed semiconductors as had been predicted. A few of these have sufficient promise to merit further study as potential thermoelectric materials.
9. 1 Carbon and Graphite Materials 9. 10 Background Previous work on graphite based materials had revealed the possibility of producing both p-and n-type materials with reasonable thermoelectric power although no attempt had been made to optimize the output or to explore broadly the effect of various doping agents. The general suitability of graphite as a high
Index NS-058-00 1 temperature material suggested strongly that an effort be made to develop a thermoelectric element suitable for operation at temperatures in excess of 1000°C based on graphite. It was hoped that advantage could be taken of the anisotropy of properties of graphite as well as the •wide latitude in materials and fabrication techniques available to obtain still further improvements in output. A number of methods of achieving this gradient doping have been studied with some success. Gradient doping of a graphite cylinder by diffusing from boron carbide in a central core has been shown to give satisfactory disk elements.
122 Doping with Other Elements
A series of samples have been prepared with various additives to see whether increased n-or p-thermoelectric powers could be obtained. The materials thus far tried have included SiC, TiC, ZrC, TaC, Fe 2 0 3 , and UO z .
No material has been found to produce p-type conduction except boron. Of the others, only SiC and TiC have produced materials of interest. Further study
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Index NS-058-001 has shown the greatest potential for graphite-silicon carbide bodies and recent work has concentrated on the composition and fabrication techniques to produce an optimized output. Following leads indicated in Bi-Monthly Progress Report No. 8, during the final report period some excellent results have been obtained.
For trials E 17 and E18 a stoichiometric mix of silicon and carbon materials was used with three per cent Methocel added as a binder. However, in these mixes some of the Thermax was replaced by electric furnace graphite. The ratios are E17 Thermax: graphite =1:1
It was hoped that the graphite would reduce the electrical resistivity of the body without seriously affecting the thermal conductivity.
The baking schedule for these mixes is as follows:
Bake I -0. 5 hour at 400-500-600°C in CHjj then 1. 0 hour at 1000°C.
Bake II -0.5 hour at 1900°C in TiC-SiC-Si (seven per cent new silicon); H 2 -argon atmosphere.
Bake III -0. 5 hour at 2000°C in TiC-SiC-Si (seven per cent new silicon);
H 2 -argon atmosphere.
Density, weight loss, and swelling measurements on these rods appear in Table I .
Index NS-058-001 It appears that the extra addition of silicon to the used TiC-SiC-Si mix has given very favorable results. However, the baking time and temperature and initial rod composition must be optimized and controlled.
The results of a more detailed study of the electrical properties of mix E18-2 are shown in Figure 1 . 
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It is apparent that material with very good electrical properties has been produced but thermal conductivity measurements are needed to establish the thermoelectric efficiency.
13 High Temperature Measurements of Thermoelectric Power and Electrical Resistivity
Since the contract specified the construction of a 0. 1 watt generator, it was felt that this requirement could be gainfully met by the construction of a device at this power level that could also be used to study the electrical properties of the materials developed during the course of the work. A vertical gradient tube furnace was designed and built that meets these requirements. This furnace which was described in detail in Bi-Monthly Report No. 3 uses a graphite tube heater and a sample 3" x V4 11 diameter supported on Vs" diameter spectroscopic graphite rods, with temperature difference measurements via both thermocouples and optical pyrometers to measure the thermoelectric power of the sample versus pure graphite and the sample resistivity. The device has proven very satisfactory for operation particularly at very high temperatures.
This device has recently been modified to measure the thermoelectric power of the material relative to platinum with considerably increased accuracy (± 1 per cent) and convenience using a twelve point recorder and combinations of platinum-platinum rhodium thermocouples (Progress Report No. 8). The temperature range covered is limited to about 1100°C but it may be possible to extend this range using tungsten-iridium thermocouples.
Refractory Nitrides 9. 20 Background
Although the rare earth nitrides had been described in the literature, very little was known of their physical properties. From considerations of the probable electronic structure of these compounds it was surmised that they were
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likely to be semiconductors. The preparation and study of the electrical properties of the material were undertaken.
21 Accomplishments to Date
A number of methods of preparation of these compounds reported in the literature were tried with generally limited success. These in general were reactions of the metal, metal hydride, or metal halide with nitrogen or ammonia. Of this type of reaction only the reaction of the metal with ammonia at high temperatures (ca. 900°C) has proven useful. A much more satisfactory reaction was discovered during the course of this work. This involves the reaction of the metal dissolved in mercury with ammonia. The reaction proceeds readily at low temperatures (200 -300°C) and when the mercury is distilled off a high purity product is obtained. A series of rare earth nitrides have been prepared and some of their properties studied. Cerium, lanthanum, and gadolinium nitrides have been found to be essentially metallic with high conductivities and low thermoelectric power. Samarium and ytterbium nitrides have been found to be high conductivity, n-type semiconductors but with very modest (10-20 |JLV/ 0 C) thermoelectric powers. During the last reporting period europium nitride has been prepared using the direct reaction of the metal with NH 3 . The powdered product was pressed into a bar and sintered four hours at 1425°C in a nitrogen atmosphere to 70 per cent of theoretical density.
The thermoelectric power of the europium nitride sample with respect to platinum as a function of temperature is shown in Figure 2 . The results show that europium nitride is an n-type thermoelectric material having a maximum value of thermoelectric power (Q s ) of -130 fiv/°C at 1150°C. In Figure 3 .is given a plot of the logarithm of the conductivity <r versus m where T is the absolute temperature in °K. This shows that europium nitride is a semi- The work thus far has revealed an interesting periodicity in the electrical properties of these compounds. In addition it seems likely that solid solutions within the series should allow drastic modification of the properties and may lead to useful compositions. There have been indications from published work that the electrical conductivity of a solution of an alkali metal in its fused halide was considerably increased over the pure salt value and the added conductivity apparently was electronic. This system then presents an interesting potential for thermoelectric applications since it is evident that a large entropy change will occur when an electron leaves a solid conductor and enters the fused salt producing large thermoelectric effects and the thermal conductivity of the molten salt should be low.
31 Accomplishments to Date
The literature information suggested that cesium dissolved in molten cesium chloride was the most likely system to show large electronic conductivity.
The experimental difficulties in containing this most reactive combination in a high temperature electrical insulator fitted with suitable metallic contacts for the appropriate measurements has still not been satisfactorily solved. In general, the approach is a sapphire tube brazed to molybdenum but a device stable on thermal cycling has not yet been produced. In one run a high thermoelectric output has been observed, apparently ca. 400 (xv/°C so the original suggestion seems sound. 
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Accomplishments to Date
In Bi-Monthly Progress Report No. 3 a study of the compounds of the transition metals was presented. This survey is a useful reference although no striking gaps in the thermoelectric program were revealed. A second major survey was presented in Bi-Monthly Progress Report No. 6 dealing with "Vitreous Electronic Conductors." This topic is being considered seriously by the Russian workers but very little in this country and the survey suggests strongly that the western position should be reconsidered. While the various arsenic, antimony, and thallium tellurides, sulfides, and selenide glasses that have been studied have too low electronic conductivities to give a good figure of merit, other features of the systems are most attractive. The thermoelectric power reaches values over 1400 uv/°C and the thermal conductivities are in the range 10 -10 watt units. The possibility of achieving a considerably increased electronic conductivity in some vitreous systems cannot be ignored and is worth serious study.
9. 5 Thermal Conductivity 9. 50 Background It is, of course, essential in any study of thermoelectric materials to have data on the thermal conductivity of the material in the temperature range of interest. Since this contract was concerned primarily with temperatures greater than 1000°C, it was proposed to develop methods for the necessary measurements in this range. The problem is obviously of great difficulty but prior experience in high temperature materials had suggested an approach.
In Progress Report No. 1 the theory of a method adapted from Longmire was presented. A sample of an electrically conducting material in the form of a rectangular bar is heated by passing a current through it. The temperature profile of the bar is scanned and it was shown that from measured temperature
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Index NS-058-001 differences at the center and edges of the bar the necessary data can be obtained. While this method is not one of general utility it is ideally suited for materials that will be of interest in thermoelectric applications. During the course of the contract this method has been revised and improved until it is now believed to be the most reliable and accurate (±3 per cent) method available for measurements from 1000°K to the melting point. The method has been used to study the thermal conductivity, emissivity, and electrical resistivity (both of which are obtained incidentally) of a considerable number of materials, largely graphites of various types, during the course of the contract. It was promptly shown that a poorly graphitic body (e.g. National Carbon Company's CEQ) gave the highest Kp product and this information has been used in the preparation of various doped graphites and silicon carbon-graphite bodies described earlier. A detailed report describing this method is being written and will be available shortly.
Theoretical Studies

60 Background
In previous work in these Laboratories considerable progress had been made toward a detailed understanding of the band structure of graphite and the effect of doping with boron on the occupation of the electronic state. It seemed desirable to use this information to obtain information about the electrical resistivity and thermoelectric power of graphite.
6l Accpmplishments to Date
The transport equations governing the thermal and electrical conductivity in graphite can be related using the formalism of the thermodynamics of The contract specified the construction of two 0. 1 watt generators using the best materials available at 9 months and 18 months of the contract period.
Accomplishments to Date
As indicated in Section 9. 13 the first generator using a single junction was visualized as a research instrument and its design was slanted accordingly. This unit was constructed during the first months of the program and has been in constant service.
More recently, especially since the silicon carbide-graphite n-type material with good performance has been available, the second generator using four junctions and gas burners as heat source has been constructed and tested with a greater attention to the performance of the material in an operating if still experimental unit. The best performance to date, although not using the most recent n-type material, has been an output of 0. 46 watt using SiC-C versus boronated graphite. The threaded joints were treated with carbon electrode cement and coked. The cold ends and contacts were rhodium plated to give minimum contact resistance. The open circuit voltage was 0. 94 volt and the resistance was 0.475 ohm. While this performance is not striking by comparison with those obtained at lower temperatures, it shows that considerable progress has been made and more can be expected. The simplicity and economy of the various graphite materials still indicate a substantial practical utility in competition with expensive materials with higher efficiency. meo
